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We present a theoretical study on iron pyrite using density-functional theory (DFT) and the GW approximation
to many-body perturbation theory. The fundamental band gap of iron pyrite is determined by iron 3d states at
the valence band edge and a sulfur 3p-dominated conduction band at . The gap is quite sensitive to structural
changes as well as to the applied electronic structure method. We found that this p-dominated band does not play
a significant role for the optical absorption, leading to a large difference between the optical and fundamental
band gaps of iron pyrite. As a consequence the GW -corrected energies result in no considerable change of the
optical band gap as compared to standard DFT, both being in reasonable agreement with experiment. However,
we show that the fundamental band gap is reduced to about 0.3 eV in GW , which may contribute to the low
open-circuit voltage of about 0.2 V observed in iron pyrite solar cells, representing a serious bottleneck for
photovoltaic applications. To demonstrate that this unconventional reduction of the p-d gap is not unique for iron
pyrite, similarities for FeS2 in the marcasite structure are presented.
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I. INTRODUCTION
FeS2 pyrite is known to be a promising photovoltaic
material due to its large optical absorption coefficient of about
6 × 105 cm−1 and a suitable band gap of 0.95 eV.1 Such a
large optical absorption can lead to high quantum efficiency
in thin films of only about 10 nm thickness, whereas ordinary
Si films need to be at least 10–100 times thicker. There are
experiments2 showing n- as well as p-type conductivity in
iron pyrite using suitable dopants as As, Ni, or Co, which may
be of importance to assemble pn junctions for iron pyrite solar
cells. Moreover, FeS2 pyrite, consisting of abundant materials,
would allow for large-scale and sustainable applications.
However, all attempts using pyrite as optical absorber in
solar cells have shown disappointing performances, yielding at
maximum an open-circuit voltage of about 0.2 V.1 Even lower
open-circuit voltages have been measured in a recent work for
pyrite nanocrystal solar cells.3
Many publications about pyrite focus on the possible rea-
sons of the low open-circuit voltage. However, the mechanism
is still unclear. Electrical resistivity measurements yield large
free charge carrier densities in an order of 1014–1018 cm−3 in
undoped pyrite, which is attributed to unspecified defects in
the material.2,4 A first attempt to explain the low open-circuit
voltage is based on the formation of sulfur vacancies in the
bulk, leading to defect states in the band gap acting as charge
recombination centers.5 The possibility of intrinsic surface
states in the (100) surface giving rise to a Fermi level pinning
has been also discussed.6 Both causes have been reported
to be unlikely to explain the low open-circuit voltage due
to a large formation energy of the sulfur vacancies in bulk7
and missing intragap surface states for the (100) surface.8 A
very recent work by Herbert et al.9 claims, however, a band
gap decrease to 0.4 ± 0.1 eV due to intrinsic surface states
in the (100) surface using scanning tunneling spectroscopy
measurements and simulations. The observed formation of
the structurally related FeS2 marcasite during synthesis may
be also ruled out as a cause since experimental as well as
DFT-based results indicate an at least as large band gap in FeS2
marcasite and a similar strong optical absorption compared to
iron pyrite.8,10 Instead, Sun et al.7 proposed oxygen impurities
acting as substitutional defects for sulfur as a possible cause
of an unintentional p-type conductivity in pyrite reducing the
device performance. However, Hu et al.11,12 showed a band gap
increase for oxygen-alloyed pyrite, which may improve the
carrier mobilities and lifetimes and therefore also the device
performance. Furthermore, the same group suggested to use
sulfur-poor conditions for the synthesis of pyrite thin films
because sulfur-rich (100) surfaces might be responsible for
the low open-circuit voltage due to small band gaps.13 Finally,
the formation of metallic sulfur-poor FeSx precipitates at the
surface is also offered as a cause, worsening the performance
of the pyrite solar cells.14
While most studies focus on the presence of defects or phase
impurities, there are also electronic structure calculations
showing that already in the ideal bulk structure the question of
the precise band position of energy bands controlling the size
of the fundamental band gap is still not settled. Eyert et al.15
demonstrated a rather sensitive dependence of the band gap
in pyrite on structural parameters, claiming the large optical
absorption is caused by transitions between the valence band
maximum (VBM) Fe 3d states and the S 3p states at the
conduction band minimum (CBM) around . However, recent
results of the pseudodielectric function by Choi et al.16 indicate
that the optical transitions from the VBM to this p band are
strongly suppressed. Therefore, optical measurements may
be not able to detect the conduction band minimum and the
fundamental band gap of pure pyrite might be much smaller
than the optical band gap of 0.95 eV measured experimentally.1
A very recent theoretical study by Lazic´ et al.17 supports
this assumption. Experiments using temperature-dependent
electrical resistivity measurements18,19 indicate an activation
energy of around 0.2 eV, corresponding to a much smaller
band gap of about 0.4 eV. However, it is unclear how strongly
the results have been affected by defects in the material.
Most of the aforementioned publications are based on
density-functional theory20,21 (DFT) calculations using the
generalized gradient approximation (GGA) proposed by
Perdew-Burke-Ernzerhof (PBE).22 In some cases an inclusion
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of local Hubbard U corrections via the DFT + U method23
has been used to consider correlation effects. However,
comparing the experimental optical absorption of pyrite with
the calculated optical absorption spectrum with and without U ,
Choi et al.16 report a worsening of the calculated spectrum after
applying U . Moreover, it is well known that the (semi)local
exchange-correlation functionals suffer from several prac-
tical and conceptional shortcomings in the description of
semiconducting or insulating systems, usually leading to a
severe underestimation of the band gap as compared to the
experimentally observed one.24,25 Frequently, an improvement
of the band gap description is achieved by more sophisticated
orbital-dependent exchange-correlation functionals, such as
the HSE06 hybrid functional.26,27 However, for the case of
FeS2 pyrite the band gap is drastically overestimated within
HSE06 leading to values around 2.6 eV.8,16 To obtain a
more systematic improvement of the band gaps, the GW
approximation based on the many-body perturbation theory
has proven to be a successful approach beyond conventional
DFT.28 Choi et al.16 briefly report about a reduction of the
fundamental band gap of iron pyrite to 0.4 eV using the GW
approximation, but almost not affecting the optical functions
compared to conventional DFT results. On the other hand,
there is one publication presenting the quasiparticle self-
consistent GW band structure of pyrite,29 yielding a band gap
of 0.81 eV, which agrees well with the experimentally observed
one. However, no optical absorption has been included in this
comparison.
To our knowledge, there is no publication showing a
systematic convergence analysis of the band gap of FeS2 pyrite
within the GW approximation with respect to the number
of bands and local orbitals that improve the description of
unoccupied bands and semi-core states. This paper indicates
that it is quite subtle to converge the band gap of pyrite,
similar to the situation in ZnO.30,31 In addition, the difference
between the optical and fundamental band gaps in iron pyrite
is analyzed by calculating the optical absorption. We also point
out possible consequences for a reinterpretation of the exper-
imentally measured band gap and the open-circuit voltage in
iron pyrite. Moreover, no comparison of computational results
for marcasite FeS2 has been presented in the literature that
would allow us to judge the performance of the methods for
these iron compounds. FeS2 marcasite is of particular interest
because it may have an effect on the photovoltaic performance
of iron pyrite solar cells, when forming during the synthesis
of FeS2 pyrite.
This paper is structured as follows: In Sec. II the structure
of pyrite is introduced, followed by Sec. III presenting the
computational details. In Sec. IV the electronic and optical
properties of iron pyrite calculated via the PBE functional
are shown, whereas in Sec. V the role of the quasiparticle
corrections within the GW approximation is highlighted. In
Sec. VI the results are discussed in detail, followed by a short
analysis of the FeS2 marcasite system in Sec. VII. Finally, in
Sec. VIII we draw the major conclusions of our work.
II. PYRITE STRUCTURE
The iron pyrite structure is displayed in Fig. 1. The unit cell
is simple cubic with Pa ¯3 space group containing 12 atoms.
FIG. 1. (Color online) The iron pyrite structure with the S atoms
indicated as light gray (yellow) spheres and the Fe atoms in dark gray
(red) color. In the right panel the (almost) octahedral and tetrahedral
coordination of the Fe and S atoms are displayed. The octahedrons
share their corners. In the tetrahedrons the characteristic S dimers are
clearly visible. The lattice constant a and the Wyckoff parameter u
are the structural parameters mentioned in the text.
Characteristic for the pyrite structure are S dimers, which are
orientated along the 〈111〉 directions. It can be seen as NaCl
structure with the Fe atoms occupying the Na positions and
the centers of the S dimers located at the Cl positions. Each
Fe atom is almost octahedrally coordinated by neighboring S
atoms, whereas each S atom has a tetrahedral surrounding,
being bond to three Fe atoms and one additional S atom,
together forming the S dimer. The distance of the S atoms in the
S dimer is smaller than the distance between neighboring S and
Fe atoms. The S dimer is a result of the formation of a strong
covalent bond. This and the almost octahedral symmetry play
a key role for the electronic structure, presented in Sec. IV.
The structure can be described via a lattice parameter a and
the Wyckoff parameter u, giving the internal positions of the
S atoms in the unit cell (see Fig. 1). The distance between
the S atoms in the S dimer is in a linear relation to the
Wyckoff parameter via dS-S =
√
3a(1 − 2u). Thus, u has a
strong influence on the electronic structure, as already pointed
out by Eyert et al.15 Unless indicated otherwise, we used
the experimentally determined lattice parameter and Wyckoff
parameter with a = 5.418 ˚A and u = 0.385.32 Experimentally
there are variations of 0.5% for a and u, possibly due to defects.
III. COMPUTATIONAL DETAILS
We performed DFT (Refs. 20 and 21) calculations with
the full-potential linearized augmented plane wave (FLAPW)
method33 using the generalized gradient approximation in PBE
form22 as implemented in the FLEUR code.34 The results have
been carefully converged with respect to the number of k
points, the plane wave cutoff kmax, as well as the maximal
angular moment quantum number lmax in the expansion of the
spherical harmonics of the LAPW basis functions in the muffin
tin spheres with radii RFeMT and RSMT for Fe and S, respectively.
We used at least 4×4×4 k points, kmax = 4.0 a.u.−1, RFeMT =
2.23 a.u., RSMT = 1.98 a.u., and lmax = 8 for the PBE results.
Bulk pyrite is nonmagnetic, and therefore the calculations have
been carried out without spin polarization. A magnetic test
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calculation converged against the nonmagnetic result. For the
structural relaxation the forces have been converged to the
order 10−5 htr/a.u.
The one-shot GW calculations, denoted by G0W0, have
been performed with the SPEX code35 on top of the converged
PBE results. The convergence of the transition energies in
GW with respect to the numerical cutoff parameters is a
much more subtle issue as compared to GGA calculations.
Because also the wave functions of the unoccupied states are
entering the GW calculations to construct the polarization
function and the correlation self-energy, a proper description
of these is essential for convergence. Therefore, depending
on the system, many unoccupied bands have to be taken into
account, leading to the necessity to use a large plane wave
and spherical harmonic cutoff parameter. We increased the
plane wave cutoff and the maximal angular moment quantum
number to kmax = 6.0 a.u.−1 and lmax = 12. The muffin tin
radii and k points remain the same as in the above PBE
calculation. Additionally, the linearization error of the FLAPW
method needs to be reduced by using local orbitals in the
unoccupied energy spectrum.31,36 Five unoccupied s, p, d, and
f sets of local orbitals have been included, covering energies
up to 800 eV, according to the high-energy local orbitals of
Michalicek et al.,37 i.e., 80 additional basis functions have
been used per atom. To guarantee for the orthogonality of the
core states on the LAPW basis for states below the Fermi
level, as well as above, semi-core states possibly need to be
included into the basis set. In contrast to the DFT calculations,
the additional inclusion of the Fe 3s and 3p semi-core states as
local orbitals has a considerable influence on the results. It has
been shown that the overlap of these states with higher-lying
states leads to a significant modification of the band positions
in schemes using orbital-dependent functionals38,39 as well as
in GW calculations.40–42 A detailed convergence analysis for
the GW results regarding the number of bands is presented in
Sec. V.
The optical absorption is calculated by integration over a
20×20×20 k mesh and considering the transition matrix ele-
ments of the dipole operator using transitions up to about 6 eV.
For partitioning the optical absorption into the contributions
Aμ→ν(ω) coming from transitions between different orbital






|〈f | ˆd|i〉|2δ[ω − (εf − εi)]ρνf ρμi , (1)
where i and f are the initial and final states with the
corresponding energies εi and εf and orbital contributions ρμi
and ρνf in orbital μ and ν, and ˆd the electric dipole operator.
IV. GGA RESULTS
The electronic band structure of iron pyrite using the exper-
imental lattice constant a = 5.418 ˚A and Wyckoff parameter
u = 0.385 is displayed in the left panel of Fig. 2 along a
high-symmetry k path. In the right panel the corresponding
density of states (DOS) partitioned into the S 3s-, S 3p-, and Fe
3d-orbital contributions is presented. The electronic structure
can be quite easily understood regarding the geometrical
characteristics of the pyrite structure, as presented in Sec. II.
First of all, the strong covalent bonds of the S dimers cause
FIG. 2. (Color online) The DFT band structure of pyrite (left) and
the corresponding LDOS (right) characterized into S 3s- (blue dashed
line), S 3p- (black pointed line), and Fe 3d-orbital contributions (red
solid line). The S 3s and S 3p LDOS is enhanced by a factor of 4.
the formation of bonding and antibonding ss and pp orbitals.
Between −17 to −10 eV, the S ssσ and ssσ ∗ states are located,
well separated from the S ppσ , ppπ , and ppπ∗ states ranging
from −7 to −2 eV. The closer the states are to the Fermi
energy, the more they are hybridizing with Fe 3d states. Due
to the almost octahedral coordination of the neighboring S
atoms around Fe, crystal field splitting separates the Fe 3d
t2g and eg states around the Fermi level. Notice that the t2g
and eg labels do not relate to the global z axis, but to the
canted principal axes of the octahedrons of the crystal. The Fe
3d t2g states are localized ranging from −2 eV to the Fermi
energy and show some hybridization with S 3p states, whereas
the Fe 3d eg states start at around 1 eV reaching to 4 eV.
The hybridization between the Fe eg states and the S ppσ ∗
states is quite strong in the conduction bands. However, a
single almost entirely p-like conduction band is approaching
the Fermi energy at , defining the fundamental band gap
in iron pyrite. Within the experimental structural setup FeS2
pyrite exhibits an indirect fundamental band gap of 0.62 eV
size. The direct band gap at  is slightly larger with 0.66 eV.
The orbital-character-resolved fat-band structure of iron pyrite
in Fig. 3, with the S 3p character in black and the Fe 3d
character in red color, illustrates this point. Exactly at  the
wave function of the VBM exhibits pure Fe 3d character,
whereas the CBM consists purely of S 3p. But also in the
vicinity of  the orbital characters are very pure, leading to
dramatic consequences for the optical absorption, as it will be
discussed later.
This distinct orbital behavior in FeS2 pyrite has been
pointed out already in other works.12,15 Eyert et al.15 discussed
the delicate dependence of the position of the p-like band on
the Wyckoff parameter u: since u is linearly related to the
distance of the S atoms in the S dimer, it controls the splitting
between the bonding and antibonding ppσ states. Optimizing
the pyrite structure by energy minimization exhibits a lattice
constant of a = 5.403 ˚A and a Wyckoff parameter u = 0.383.
For a smaller u the distance between the S atoms in the S dimer
increases, leading to a smaller band gap. With 0.39 eV the band
gap in iron pyrite using the relaxed structure is around 0.2 eV
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FIG. 3. (Color online) The orbital-resolved band structure of
iron pyrite along a high-symmetry k path for the experimentally
determined structural parameters a = 5.418 ˚A and u = 0.385. The
high-symmetry points are denoted according to Bradley and Crack-
nell (Ref. 43), with X′ being equivalent to X. The direct band gap at 
with 0.66 eV is slightly larger than the indirect one with 0.62 eV. The
band structure of pyrite shows a clear d-like behavior in the VBM
regime and in the region of the localized bands in the conduction band
originating from Fe indicated in gray (red), whereas a delocalized p
state coming from sulfur dominates at  (indicated in black). Fat
points indicate a strong contribution of the corresponding orbital
character.
smaller than the structure with the experimental parameters.
The change in the lattice parameter has almost no impact
on the gap size. The band gap of the relaxed structure is
in excellent agreement with other published DFT results.8,13
Vidal et al.44 observed a strong dependence of the band gap
in CuIn(S,Se)2 on the internal structural parameter, which in
turn is influenced by the Cu vacancy concentration, making
it necessary to use a self-consistent approach. In iron pyrite
the situation is, however, different since the S- and Fe-vacancy
formation energy is much larger than the band gap.7
The calculated optical absorption within PBE is displayed
in Fig. 4. The result, predicting two peaks, one at around 2 eV
(peak A) and one at 3.5 eV (peak C), is in reasonable agreement
with the experimentally observed optical absorption. The
experimentally determined peak positions vary from around
1.6 to 2.3 eV for the first and 3.8–4.7 eV for the second
peak.45–49 The first peak is always sharper and larger in
intensity than the second peak. The peak positions of the
optical absorption measured by Ferrer et al.46 are indicated
as black dashed lines in the inset of Fig. 4. In our theoretical
calculations we can distinguish two additional peaks B and
D. We have analyzed the major contributions to these peaks
by partitioning the optical absorption into the contributions
coming from transitions between Fe 3d → 3d, S 3p → 3p,
S 3p → Fe 3d, and Fe 3d → S 3p states. All other orbital
characters play a negligible role for the optical absorption up to
6 eV transition energy. We amplified the orbital contributions
(by factors of about 22, 150, 74, and 57, respectively) to yield
FIG. 4. (Color online) The optical absorption of iron pyrite
depending on the photon energy is displayed for a calculation within
PBE (black solid curve). To analyze the orbital contributions of the
peaks A, B, C, and D, the optical absorption has been partitioned into
Fe 3d → 3d (red dashed curve), S 3p → 3p (yellow striped curve),
S 3p → Fe 3d (green dashed-dotted curve), and Fe 3d → S 3p
contributions (blue dotted curve) as explained in the text. In the
inset the optical absorption calculated on a coarse 4×4×4 k mesh
is displayed within plain PBE (black dashed curve) and within
G0W0 (red solid curve). The black dashed lines indicate the peak
positions of the experimentally measured optical absorption by Ferrer
et al.(Ref. 46).
approximately the total optical absorption up to 6 eV transition
energy when summed up.50 First of all, one would expect a
large contribution arising at and around  from transitions
between the Fe 3d states at the VBM and the p-like band
at the CBM due to clearly fulfilled dipole selection rules

l = 1, as it is also stated by Eyert et al.15 But interestingly
these transition elements almost do not contribute to optical
absorption because the corresponding wave functions are
localized on different atoms. Moreover, the transition elements
between the topmost valence band and lowest conduction band
along the k path  → X are exactly zero due to symmetry up
to the band crossing where the orbital character of the lowest
conduction band changes (see Fig. 3). Hence, the first major
peak A at a photon energy of about 2 eV and also the second
peak B at about 2.3 eV consist mainly of transitions between
the Fe 3d t2g and eg states at the respective band edges. If
we talk about transitions between Fe 3d → 3d states, it is a
simplified denotation for transitions between Fe 3d-dominant
states, showing a considerable hybridization with S 3p states
and therefore also fulfilling the electrical dipole selection
rules. Hence, the optical band gap is mainly determined by
Fe 3d → 3d transitions, whereas the fundamental band gap is
defined by the position of the p band at the CBM. Therefore,
the fundamental and optical band gap in iron pyrite can be
quite different in size and character. For the two peaks C and
D at around 3.5 and 3.6 eV, the contributions from transitions
between S 3p → Fe 3d and Fe 3d → S 3p states become
important. For larger transition energies than 4 eV also the S
3p → 3p transitions play a role.
V. G0W0 RESULTS
On top of our converged PBE results using the experimen-
tally determined structural parameters, we performed G0W0
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FIG. 5. (Color online) The transition energies between the band
edges for the transitions  →  (black diamonds), X →  (green
squares), R →  (red pentagons), and X → X (blue circles) are
presented depending on the total number of bands for the single-shot
G0W0 calculation. The G0W0 calculation has been performed on top
of the converged PBE results using the structural parameters taken
from experiment.
calculations using the SPEX code.35 As explained in Sec. III,
as compared to plain PBE calculations the convergence of
the GW results is much more subtle, requiring large plane
wave cutoffs and many local orbitals. We have analyzed the
convergence for four different transitions,  → , X → ,
R → , and X → X, with respect to the total number of
bands. The results are presented in Fig. 5. The three transitions
that include the  point in the conduction band exhibit a change
from Fe 3d character to S 3p character, whereas the transition
X → X is a transition between Fe 3d states. The transition
X → X converges quite fast with respect to the number of
bands, showing a convergence of the results to about 0.01 eV
for 800 bands. However, the transitions including a change in
orbital character need much more bands to reach convergence.
As it can be seen in Fig. 5 around 2000–3000 bands are needed
to obtain a similar convergence. This resembles the situation
in ZnO, where 3000–4000 bands had been necessary to obtain
convergence of the quasiparticle band gap that included a
change in orbital character.30,31 The GW corrections in energy
for the p-like state at  are almost independent of the number
of bands and quite small, in the order of 0.01 eV, however,
the quasiparticle correction for the d states delicately depends
on the number of bands. Therefore, the transition X → X
converges fast only due to a cancellation of systematic errors,
i.e., the GW corrections of the d states in the conduction and
valence band are of the same order and sign.
Comparing the transition energies in PBE and GW we
find for the X → X transition a small increase of the gap
energy from around 1.62 to 1.67 eV (Table I). An increase
of the GW -corrected transition energy in comparison to
the plain PBE result is rather expected and consistent with
TABLE I. Listed are the transition energies (units in eV) of iron
pyrite for  → , X → , R → , and X → X transitions for the
PBE and G0W0 calculation. For the G0W0 results converged values
with 3000 bands have been used. For comparison, the G0W0 results
with (w) and without (o) Fe 3s and 3p local orbital (LO) treatment
are displayed.
 →  X →  R →  X → X
PBE 0.66 0.63 0.96 1.62
G0W0 (w Fe 3s, 3p LOs) 0.28 0.31 0.59 1.67
G0W0 (o Fe 3s, 3p LOs) 0.61 0.63 0.90 1.72
the conventional wisdom that the DFT employing local and
semilocal exchange-correlation functional underestimates the
band gap. However, quite surprisingly, for the transitions
 → , X → , and R →  the gaps become considerably
smaller. The energy of the transition X →  reduces from
0.63 to 0.31 eV applying the quasiparticle corrections. Using
the PBE-structurally optimized atomic setup leads even to an
almost metallic system with a small band gap of 0.05 eV. As
can be seen from Fig. 3, the fundamental band gap occurs
between the CBM at  and the VBM at a point in the  → X
direction. Since the valence band states at the Fermi level are
rather flat d bands, the X →  transition is energetically quite
close to the fundamental band gap and reflects the behavior
of the latter. Interestingly, the treatment of the Fe 3s and
3p semi-core states as local orbitals has a strong effect on
the transition energies in the GW approximation. The results
obtained without that treatment are quite different for  → ,
X → , and R → , leading to about 0.3 eV larger gaps.
Since the most crucial GW corrections take place around
, we present the band structure of iron pyrite along the
k path R →  → X′ in Fig. 6, comparing the plain PBE
results with the GW -corrected ones. The energy gap between
the Fe 3d states is slightly increased, whereas the p state
at  significantly drops down, reducing the fundamental
band gap by about 0.3 eV. The effective mass of the CBM
at  is enhanced in the GW calculation to 0.68 me from
previous 0.48 me predicted within PBE. Hence, also the
electronic mobility is increased by about 50%. The result of
our GW -corrected band gap is in reasonable agreement with
the result by Choi et al.16 reporting a value of 0.4 eV. However,
it is not quite clear from that reference whether they used the
pseudopotential of Fe with or without 3s and 3p semi-core
states and what computational parameters had been chosen.
Using the GW -corrected energies leads to some significant
changes of the optical absorption as it can be seen in the
inset of Fig. 4. The one-shot G0W0 approximation of many-
body perturbation theory does not alter the wave functions
and therefore the matrix elements of the optical absorption are
unchanged and the difference in the curves reflects just the
shift in the eigenvalues. Due to the large shift of the p states
with respect to the d states, the peaks C and D come much
closer to the peaks A and B. The peaks start overlapping and
the region from 2.5 to 4 eV looks quite different as compared
to PBE and experiment. The PBE result is in a better agreement
with experiment, however, due to the small corrections of the
transition energies between the Fe 3d states the optical band
gap is not changing much.
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FIG. 6. (Color online) The band structure of iron pyrite for the
high-symmetry k path R →  → X′ within PBE (black dots) and
G0W0 (red diamonds). For both calculations the structural parameters
from experiment have been used. Only the topmost five valence bands
and five lowest conduction bands are displayed.
A negative band gap correction for G0W0@PBE is rather
unexpected since (semi)local exchange-correlation functionals
tend to an underestimation of the fundamental band gap.
However, a negative gap correction within G0W0 is not per se
impossible and has been observed already in other cases.51 The
opening of the gap is based on experience of employing GW to
simple semiconducting systems, which usually exhibit either
the same atomic or orbital character at the band edges, defining
the band gap. In iron pyrite the self-energy correction is quite
different for the S 3p state at the CBM and the Fe 3d states at
the VBM, due to different local surroundings. In our case the
negative gap correction might be caused by the large screening
effects of the Fe 3d states, as it is also reported to a less
dramatic extent for some half-metallic Heusler compounds.52
In a simplified way the GW correction in the self-energy can
be divided into a contribution correcting the exchange ex
and one considering the corrections in correlation cor, which
is mainly due to screening. ex leads to an increase of the
band gap, whereas on the other hand cor reduces the size of
the gap. Usually ex is considerably larger than cor, leading
to an overall increase of the band gap compared to the PBE
one. However, large screening effects may lead to a small
enhancement of the gaps or even to a reduction. To get an
indication for our assumption, we compared the electronic
structure of FeS2 pyrite to isoelectronical RuS2 and OsS2
pyrites, which yield an almost unchanged band gap: comparing
PBE and G0W0@PBE we obtain 0.12 and 0.14 eV for RuS2
and 0.75 and 0.80 eV for OsS2, respectively. The decreasing
localization of the cation d states for RuS2 and OsS2 at the
band edges leads to smaller screening effects. Hence, the gap
correction within GW becomes more positive.
VI. DISCUSSION
Our PBE results are in an overall nice agreement with the
results of other theoretical work.8,16 The optical absorption
spectra calculated within PBE properly describe the mea-
sured ones in iron pyrite. At first sight this is surprising
because PBE is known to severely underestimate the band
gaps in semiconductors. A good agreement of the optical
absorption calculations with experiment can be expected from
beyond-DFT calculations, e.g., time-dependent DFT or GW .
However, the optical band gap in iron pyrite is defined
mainly by transitions between the Fe 3d states at the VBM
and Fe 3d states in the conduction band. The energy gap
between these states does not show significant changes upon
inclusion of the GW correction (see inset of Fig. 4). Having
obtained a reasonable description within GGA and G0W0,
we now refer to HSE06 and DFT + U results for pyrite.
Both methods have earned some merits in first-principles
calculations for semiconductors and insulators. Surprisingly,
the hybrid functional HSE06 (Refs. 26 and 27) drastically
overestimates the transition energies between the d states at the
VBM and the d states in the conduction band for iron pyrite. We
have performed HSE06 calculations using the FLEUR code,53
yielding about 3.8 eV as transition energy between the Fe 3d
states at the VBM and the Fe 3d states at the conduction band
edge and about 2.2 eV as fundamental band gap in iron pyrite.
These values are in reasonable agreement with the results
reported by Sun et al.8 and Choi et al.16 It seems that the strong
electronic screening in iron pyrite due to the Fe 3d states at the
VBM leads to wrong predictions using HSE06. In this case a
modified screened-exchange HSE (Ref. 54) is known to be a
better choice, where the Hartree-Fock exchange is not mixed
with a factor of 14 , but
1
0
into the exchange-correlation energy,
with 0 being the static dielectric constant of the material. For
iron pyrite the calculated static dielectric constant is about
20, leading to an almost plain GGA-like exchange-correlation
energy within screened-exchange HSE, and therefore restoring
the agreement of the optical properties with experiment. In
contrast, a DFT + U treatment with a Hubbard-U parameter of
U = 2.4 eV applied to the Fe d states and calculated using the
constrained random-phase approximation55 (c-RPA) worsens
the agreement between theory and experiment in the optical
absorption, shifting some of the peaks by more than 0.5 eV
as compared to GGA.16 This behavior is a direct consequence
of shifting the Fe 3d bands in the valence region downwards
via the Hubbard-U parameter, whereas the Fe 3d bands in the
conduction region are shifted upwards. Since the fundamental
band gap of around 0.9 eV calculated within DFT + U seems
to be in excellent agreement with the experimental value of
0.95 eV, the method has been interpreted to be the best to
describe iron pyrite. However, due to the possibly significant
difference between fundamental and optical band gap, the
DFT + U results should be regarded critically. We have also
performed an exact-exchange calculation within an optimized
effective potential (EXX-OEP) as implemented in the FLEUR
code,39,56 exhibiting a fundamental band gap of 2.7 eV for iron
pyrite.
The optical absorption in iron pyrite is mainly determined
by the position of the Fe 3d states, whereas for the fundamental
band gap the position of the S p-like band at  relative
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to the Fe 3d bands at the VBM is of crucial importance.
Unfortunately, we are not able to affirm with full certainty
whether the prediction of the fundamental band gap in iron
pyrite within G0W0 is reliable since the first peaks of the
calculated optical absorption spectra within G0W0 and GGA
both are in reasonable agreement with experiment (see inset
of Fig. 4), i.e., also the optical band gap is quite similar for
both cases. Moreover, we observe a strong dependence of the
results on the inclusion of Fe 3s and 3p semi-core states (see
Table I). Usually, treating these states as local orbitals yields a
more accurate description of the high-lying energy spectrum.
Finally, we compare to the quasiparticle self-consistentGW
calculation performed by Lehner et al.29 The fundamental band
gap becomes larger (0.8 eV) than the GGA result, whereas for
the optical absorption we would not expect large differences
regarding the energy gap between the Fe 3d states at the band
edges in the published band structure.29 Since the quasiparticle
self-consistent GW result of the fundamental band gap in iron
pyrite is much larger than the G0W0@PBE result with 0.3 eV,
we have to expect a starting point dependence of the one-
shot GW calculations, as reported in many references.57–59 We
have conducted G0W0 calculations on top of PBE +U results.
However, we observe an almost starting point independent
behavior for a range of reasonable U values from 0 to 4 eV,
leading to a prediction of 0.3–0.4 eV for the direct ( →
) gap. For U values above 2.4 eV, the orbital character of
the upmost valence band changes from almost pure Fe 3d
character to considerably hybridized Fe 3d and S 3p states
due to an exchange of bands. That and the connection to the
quasiparticle self-consistent GW results may be of particular
interest.
Therefore, also here we are not able to evaluate whether
the quasiparticle self-consistent GW calculation is more
reasonable than G0W0 or GGA. In addition, it is still an open
question as to whether self-consistent GW methods lead to a
deterioration of the spectral features as compared to one-shot
GW methods, as it has been first shown for the homogeneous
electron gas model by Schindlmayr et al.60 It also has been
reported that in some cases G0W0 tends to underestimate
the band gap, while self-consistent GW methods lead to an
overestimation of that quantity.61 Hence, further studies on the
quasiparticle self-consistent GW results for transition metal
chalcogenides need to be conducted in future.
As consequence, we can conclude that the position of the
S 3p-rich band at  related to the localized Fe 3d states
at the VBM and in the conduction band regime is not fully
resolved. The disappointing performance of solar cells using
iron pyrite as optical absorber could be caused not only by
defects or precipitates, but also by the electronic structure of
pristine FeS2. If the p-like band determines the fundamental
band gap of iron pyrite to be about 0.3 eV, this could explain
the low open-circuit voltage. Due to the large difference in
the Fe 3d → 3d and Fe 3d → S 3p matrix elements of the
optical dipole operator, the available optical measurements
based on the analysis of the optical absorption may be not able
to get the limiting gap in iron pyrite. Measuring the position
of the p-like band could be quite difficult. This single band
does not contribute much to the density of states making it
difficult to obtain the band gap with (inverse) photoemission
spectroscopy, scanning tunneling microscopy, or two-photon
photoemission spectroscopy. Electrical resistivity measure-
ments do not allow to discriminate easily different sources
causing large free charge carrier densities and small resistivity
since they are very sensitive to small impurity traces in the
samples. Nevertheless, we can say that a measured intrinsic
charge carrier density2,4 of about 1014–1018 cm−3 and an
activation energy18,19 of around 0.2 eV can be explained very
naturally by considering an optically inactive fundamental
band gap of around 0.3 eV.
To investigate the role of the p band on the fundamental
band gap in an experiment, one could think about shifting the
p band to alter the gap. Hu et al. proposed to alloy iron pyrite
with oxygen, leading to more localized ppσ ∗ wave functions
and therefore reducing the bandwidth of the ppσ ∗ states.12
However, it is not clear which oxygen doping concentrations
can be achieved experimentally and how stable these alloys
are. Another possibility to enhance the fundamental band gap
could be to decrease the S-dimer distance by stress. A smaller
S-dimer distance leads to a larger splitting of the ppσ states
and the p-like band may be shifted up with respect to the d
states. However, it is unclear in which way stress influences the
other bondings in iron pyrite and what are the consequences
for the electronic structure.
VII. ANALOGY IN FeS2 MARCASITE
Iron pyrite is not the only system that shows a sensitive p-d
transition leading to peculiar results for GGA, HSE06, and
GW calculations. With FeS2 marcasite we have investigated a
compound chemically related to iron pyrite, which is possibly
forming during the synthesis of FeS2 pyrite due to the complex
phase diagram. In FeS2 marcasite each Fe atom is also
octahedrally coordinated to the S atoms, only this time the
octahedrons share their edges. Again, the strong covalent
bondings between the S atoms in S dimers have a large
influence on the electronic structure. The unit cell of FeS2
marcasite, displayed in the inset of Fig. 7, is an orthorhombic
one, described by the lattice constants a, b, and c. The internal
parameters u and v give the positions of the S atoms in the
unit cell. The unit cell contains 6 atoms. We have used the
experimental structure parameters of Brostigen et al.62 with
a = 4.443 ˚A, b = 5.424 ˚A, c = 3.387 ˚A, u = 0.200, and v =
0.378. For the computation within PBE we used 64 k points
for the Brillouin zone and a plane wave cutoff of kmax = 3.9
a.u.−1. The G0W0 calculations have been performed with a
sufficiently large plane wave cutoff kmax = 7.0 a.u.−1, 2000
bands, and five full s, p, d, and f local orbital sets, i.e., 80
additional local orbital per atom. To improve the orthogonality
of the LAPW basis functions on the core states, the Fe 3s and
3p states have been treated as semi-core local orbitals.
In the left panel of Fig. 7 the orbital-resolved band structure
is presented along a high-symmetry k path. The valence bands
and the majority of the conduction bands are dominated by Fe
3d-orbital character (indicated in red). Similar to iron pyrite
the S 3p character (indicated in black) becomes dominant at
 in one single band. However, in contrast to iron pyrite the
fundamental band gap is determined by Fe 3d-rich conduction
band states at T in PBE. Hence, the fundamental band gap is
defined by Fe 3d–Fe 3d transitions and not between Fe 3d and
S 3p states as in pyrite. Therefore, the numerical difficulties
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FIG. 7. (Color online) Left panel: The orbital-resolved band
structure of FeS2 marcasite for the experimental structural parameters
within GGA. The high-symmetry points are denoted according to
Bradley and Cracknell (Ref. 43). The Fe 3d-orbital character is
indicated in gray (red), whereas the S 3p-orbital character is shown
in black as in Fig. 3. Fat points indicate a strong contribution of the
corresponding orbital character. The indirect band gap with 0.80 eV
is much smaller than the direct transition at  with 1.76 eV. In the
inset the unit cell of marcasite is displayed with the Fe atoms as
dark gray (red) spheres and the S atoms in light gray (yellow). Right
panel: The band structure of iron marcasite within PBE (black dots)
and G0W0 (red diamonds). For the band structure, less k points have
been used than for the transition energies of Table II, leading to small
differences of the values in the order of 0.01 eV.
and the odd behavior for the GW -corrected results may not
become visible in marcasite. Nevertheless, the same behavior
can be observed when focusing on the transitions from the
valence band to  in the conduction band. The transition
energies for  → , X → , R → , and X → T within
PBE and G0W0 are presented in Table II. Similar to the case
in iron pyrite, the 3d-3d transition, here X → T , is enhanced
by GW , however, the correction is much larger than in the
pyrite case. All transitions to  become smaller than PBE
because the p-like band shifts downwards with respect to the
d states. Overall, this leads to an increase of the fundamental
band gap size from about 0.80 to 1.06 eV, as it can be seen
in the right panel of Fig. 7, displaying the band structure of
FeS2 marcasite calculated withinG0W0. Hence, when focusing
only on the size of the fundamental band gap, FeS2 marcasite
seems to behave rather normally in the GW approximation as
TABLE II. Listed are the energies (in eV) for FeS2 marcasite of
the transitions  → , X → , R → , and X → T for the PBE
and G0W0 calculation. For the G0W0 results converged values with
2000 bands have been used. For comparison, the G0W0 results with
(w) and without (o) Fe 3s and 3p local orbital (LO) treatment are
displayed.
 →  X →  R →  X → T
PBE 1.76 1.32 1.57 0.95
G0W0 (w Fe 3s, 3p LOs) 1.40 1.19 1.21 1.40
G0W0 (o Fe 3s, 3p LOs) 1.88 1.57 1.72 1.25
compared to iron pyrite. Additionally, the band edges defining
the fundamental band gap change, from the VBM located at a
point near X and the CBM at T in PBE to the VBM at about Z
and the CBM at  within G0W0. Therefore, the character of the
fundamental band gap changes from an Fe 3d–Fe 3d transition
to an Fe 3d–S 3p transition as in iron pyrite. The local orbital
treatment of the Fe 3s and 3p states is again crucial, leading
to quite different results as displayed in Table II.
To conclude, also in FeS2 marcasite a p-d transition plays
a crucial role for the fundamental band gap, being quite
sensitive to structural changes and the calculation method.
Unfortunately, to our knowledge there are no high-quality
measurements for the band gap and the optical properties
of FeS2 marcasite yet, despite a recent work indicating that
FeS2 marcasite has a band gap at least as large as that in
FeS2 pyrite.10 However, we expect the same discrepancies
concerning the optical and fundamental band gaps as in iron
pyrite. In addition to FeS2 marcasite and iron pyrite, there are
quite a lot of systems, which exhibit the same key features at the
band edges, e.g., other isoelectronic pyrite- and marcasite-type
compounds such as FeSe2, FeTe2, RuS2, or OsS2, but also
β-FeSi2. A careful analysis of this peculiar p-d interaction
may be necessary for these systems.
VIII. CONCLUSIONS
We have presented first-principles results of iron pyrite
using the FLAPW method as implemented in the FLEUR
code.34 Within the generalized gradient approximation we
obtain a fundamental indirect band gap of about 0.62 eV,
formed by a S 3p-rich conduction band at  and Fe 3d
states at the valence band edge. The optical absorption in
iron pyrite is dominated by transitions between Fe 3d states
of the valence band and conduction band edges. Surprisingly,
although the dipole selection rule 
l = 1 is fulfilled, the p-like
band does not significantly contribute to optical absorption.
These results are in nice agreement with results reported by
other groups.8,16 To account for electronic excitations, we
conducted G0W0 calculations as implemented in the SPEX
code.35 The fundamental band gap decreases to about 0.3 eV,
showing the importance of the position of the p-like band at
 with respect to the Fe 3d states. By presenting analogies
in FeS2 marcasite, we demonstrated the general importance
of an accurate description of that position for a class of
systems.
A detailed convergence analysis has shown the importance
of a proper description of the wave functions in the unoccupied
energy spectrum. This has been achieved by considering about
2000–3000 bands calculated within a sufficiently large plane
wave cutoff and local orbitals. Treating the Fe 3s and 3p
semi-core states as local orbitals significantly affects the G0W0
results.
The calculated optical absorption within GW does not
exhibit significant changes as compared to plain PBE for the
first peak, both being in nice agreement with experiment.45,46
The second peak (i.e., peaks C and D in Fig. 4) in the optical
absorption is in a better agreement with experiment using PBE.
However, it may be that the second peak is caused by excitonic
effects, which are not considered in our theoretical framework.
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A fundamental band gap of only 0.3 eV in iron pyrite
may be an explanation for its disappointing low photovoltaic
performance. So far, the size of the fundamental band
gap in iron pyrite is still not resolved and new experi-
mental data of the position of the p-like band is highly
desirable.
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